The Kalatongke Cu-Ni sulfide deposit in northern Xinjiang, northwest China, is located on the southern side of the regional Irtysh fault zone, which is the boundary between the early Paleozoic Altai orogenic belt to the north and the late Paleozoic Junggar terrane to the south. In the Kalatongke region there are 11 mafic intrusions which were emplaced in Lower Carboniferous strata. Economic Ni-Cu sulfide ores are found within three of these intrusions, which are well differentiated, and compositionally zoned. Four rock types are recognized which, from top to base of the three mineralized intrusions, include biotite diorite, biotite-hornblende norite, biotite-hornblende-olivine norite, and biotite hornblende-dolerite. The biotite-hornblende olivine norites and biotite-hornblende norites are the most favorable host rocks for Ni-Cu mineralization. The initial ( 87 Sr/ 86 Sr)t (t = 280 Ma) ratios of the intrusions vary from 0.70375 to 0.70504, and εNd(t) from 6.3 to 8.2, implying that the magmas originated from depleted asthenospheric mantle. However, the strong enrichment of lithophile elements such as K, Rb, Th, U, and LREE, the negative Nb and Ta anomalies, and the high δ 18 O values of whole rocks (5.4-10.6‰) suggest significant crustal contamination. These patterns are present in almost all samples from the intrusions, indicating that the contamination took place before the magma was emplaced at its present level in the crust. Crustal contamination is interpreted to have driven the magma to S-saturation and brought orthopyroxene onto the liquidus. Convection, or perhaps flow differentiation of the crystal-bearing magma during ascent, caused the dense sulfide melt with entrained olivine and orthopyroxene crystals to become concentrated in the center of the intrusions, whereas the fractionated magmas formed other, less mafic intrusions, which intrude the nearby strata.
Introduction
IN MANY DEPOSITS, crustal contamination has been identified as having a major role in triggering S saturation in the mafic magmas (Brugmann et al., 1993; Naldrett, 2004; Lightfoot and Keays, 2005; Wang and Zhou, 2006) , although some deposits (e.g., Jinchuan and Nebo-Babel in Western Australia) are thought to have originated as continuous magma chonoliths with multiple and related magma pulses (Seat et al., 2007; . The main issues are the following: what were the contaminants (e.g., pyrite-rich chert at Kambalda, anhydrite at Noril'sk, and S-rich metasediments at Voisey's Bay), and at what stage in the evolution of the magmas did the contamination take place?
The Kalatongke copper-nickel sulfide deposit is located in Fuyun County, about 380 km north of Urumqi, the capital of Xinjiang, northwest China. It was discovered in 1978 by the No. 4 Party of the Xinjiang Bureau of Geology and Mineral Resources. The exploration program for the No. 1 and No. 2 mafic intrusions (named Y1 and Y2, respectively) established a reserve of 419,000 tons (t) of Cu (avg grade of 2.46 wt %), 240,000 t of Ni (avg grade of 1.42 wt %), 8,355 t of Co (avg grade of 0.049 wt %), as well as 2.5 t of Pt (avg grade of 0.15 ppb) and 3.4 t of Pd (0.20 ppb) . A mine was subsequently developed in 1985 developed in and started production in 1989 developed in . In 2005 new Ni-Cu orebody consisting of massive sulfide ores with about 200,000 t of Cu and Ni (avg grades of 4.09 and 3.73 wt %, respectively) was discovered at the boundary between Y2 and Y1. The Kalatongke deposit is now the second largest NiCu deposit in China, after Jinchuan (Lehmann et al., 2007) . The ore-bearing intrusions contain a large amount of orthopyroxene, probably suggesting that the parental magmas were siliceous high Mg basalts (SHMB) that were formed by crustal contamination of komatiites (Arndt and Jenner, 1986; Barley, 1986; Cattell, 1987; Skulski et al., 1988; Barnes, 1989; Skulski and Percival, 1996) . This feature provides us with an opportunity to evaluate the role of crustal contamination in the generation of the Kalatongke intrusion and ore formation.
Although the Kalatongke intrusions and hosted ore deposits have been previously studied, most publications are in Chinese (e.g., Wang and Zhao, 1991; Wang et al., 1992; Zhang et al., 2003) . In this paper, we present the results of an additional field and petrologic-geochemical study of the intrusions that host the Kalatongke deposit. On the basis of our observations and results we propose a new model for the formation of the deposit that involves flow differentiation.
Geochemistry of the Permian Kalatongke Mafic Intrusions, Northern Xinjiang, Northwest China: Implications for the Genesis of Magmatic Ni-Cu Sulfide Deposits ZHAOCHONG ZHANG, †
Geologic Setting
The Kalatongke region is located in the East Junggar terrane, which is bounded by the Siberian craton, the Kazakhstan block, and the Tianshan orogenic belt in the central portion of Central Asian orogenic belt (Fig. 1a, b) . The Irtysh fault is a boundary between the early Paleozoic Altai orogenic belt to the north and the Late Paleozoic Junggar terrane to the south ( Fig. 1c ; Coleman, 1989; Huang et al., 1990; Xiao et al., 1990) . The Junggar terrane is traditionally divided into the East and West Junggar terranes and the Junggar basin. The Junggar basin contains thick continental deposits and is bounded to the south by a south-dipping foreland thrust zone, which is composed mainly of an east-west-trending volcanic arc complex. The East Junggar terrane comprises several northwest-trending, highly deformed metasedimentary and ophiolite assemblages which were accreted to the southern margin of the Siberian plate along the Irtysh fault. The West Junggar terrane was accreted to the Kazakhstan block to the west.
The East Junggar terrane comprises several accretionary complexes that were generated by subduction-accretion processes in Paleozoic times (Coleman, 1989; Feng et al., 1989) . Two highly deformed and dismembered belts of ophiolites, the Wulunguhe and Kalamaili ophiolites, occur in the East Junggar terrane; the Wulunguhe ophiolite was dated to 481 ± 5 and 489 ± 4 Ma by Jian et al. (2003) using SHRIMP U-Pb zircon methods, whereas the Kalamaili ophiolite was determined to be 373 ± 10 Ma . These ophiolites reflect the formation of oceanic crust in the early to middle Paleozoic. Subduction of the oceanic lithosphere beneath the Altai orogen and the Kazakhstan block is manifested by the presence of thick marine volcanic rocks intercalated with sedimentary rocks of Devonian to Carboniferous ages. This was followed by accretion and imbrication of arc series and back-arc basins toward the Kazakhstan block, as the three blocks (Tarim, Kazakhstan, and Siberian craton) converged. Final closure of the Paleo-Asian ocean with collision between the Kazakhstan and Siberian plates occurred by the Late Carboniferous. During the Permian, the tectonic regime was predominantly collisional, although Allen et al. (1993) proposed a Late Permian transtensional phase. The basement was intruded by large volumes of magma in the middle and late Paleozoic (Fig. 1c) , building extensive igneous complexes, including Ni-Cu ore-bearing mafic rocks and postcollisional granitoids that added to the crustal growth of Eurasia (Sengör et al., 1993; Han et al., 1997; Dobretsov and Vladimirov, 2001) .
Regionally, the mafic intrusions are distributed discontinuously astride both sides of the Irtysh fault, forming a belt about 200-km long and 10-to 20-km wide ( Fig. 1c ; Wang and Zhao, 1991; Wang et al., 1992) . All of the intrusions are within about 10 km of the Irtysh fault. The Ni-Cu ores-bearing Kalatongke mafic intrusions are located near the center of the belt (Fig.1c) .
The Kalatongke region is characterized by a series of northwest-and west-northwest-trending folds (Fig. 2a) and four groups of faults, trending northwest, west-northwest, eastwest, and northeast, respectively. The northwest-striking faults are large scale and experienced multiple stages of movement. The intersections of northwest-striking faults with west-northwest-striking faults were favorable sites for the emplacement of mafic complexes.
The Kalatongke area is underlain by Devonian to Carboniferous volcanic and sedimentary rocks. The Devonian succession consists of marine sedimentary clastic rocks intercalated with carbonates and tuffaceous rocks and overlain by intermediate-mafic flows and pyroclastic rocks intercalated with chert (Beitashan Formation). These are followed by intermediate-mafic volcanic rocks and minor interbedded sedimentary rocks (Yundukala Formation). The Carboniferous is represented by the Heishantou and Nanmingshui Formations, which comprise a succession of intermediate-mafic and felsic volcanic and pyroclastic rocks, chert, sedimentary and volcanic breccias, carbonate and tuffaceous beds. These rocks were metamorphosed to lower greenschist facies during the Triassic.
The Kalatongke Intrusions and Associated Cu-Ni Mineralization
Eleven northwest-trending mafic intrusions are present in the 1.7 km 2 Kalatongke region (Fig. 2a) . All intrude the sedimentary and volcanic rocks of the Lower Carboniferous Nanmingshui Formation. The three largest intrusions (Y1, Y2, and Y3) are well differentiated, zoned, and strongly mineralized, but mostly not exposed. In contrast, Y4, Y5, Y6, Y7, Y8, Y9, Y10, and Y11 intrusions are weakly differentiated and contain only uneconomic copper mineralization. Rb-Sr and Sm-Nd isochron ages of the Y1, Y2, and Y3 intrusions, yield ages of 285 ± 16.7, 297 ± 23, 301 ± 28, 290 ± 33.5, and 297.7 ± 11 Ma, respectively (Wang and Zhao, 1991; Li et al., 1998) . Moreover, recent U-Pb dating of zircons from the Y1 intrusion yielded an age of 287 ± 3 Ma (Han et al., 2004) , and ReOs dating of chalcopyrite and pyrrhotite in the ores from Y2 gives an age of 285 ± 17 Ma (Zhang et al., 2008a) .
The Y1 intrusion exhibits an irregular lensoid shape that is 695 m long and 39 to 289 m wide with an outcrop area of about 0.1 km 2 . Its long axis strikes northwest, and dips at 60°t o 85°to the northeast. In cross section, the Y1 intrusion forms an inclined, funnel-shaped body, which becomes more dike-like at depth (Fig. 2b) . Four principal rock types are recognized in the Y1 intrusion. From top to base, they are biotite-rich diorite (~5 vol %), biotite-hornblende norite (~38 vol %), biotite-hornblende-olivine norite (~30 vol %) and biotite-hornblende-dolerite (~27 vol %). The intrusion is more mafic and olivine-rich at the base and more felsic toward the top. In general, the more mafic rocks contain economic NiCu ores, whereas the more felsic rocks are only weakly mineralized (Figs. 2b, 3 ).The boundaries between these different rock types are transitional. Partially assimilated enclaves of country rocks (Nanmingshui Formation) are commonly observed.
The Y2 intrusion is located 400 m to the southeast of Y1. Y2 is a lens-shaped body, more than 1,400 m long and 30 to 200 m wide. Its long axis strikes 300°and dips at 70°to 80°to the northeast. From the top to the base, the intrusion consists of biotite-rich diorite (~30 vol %), biotite-hornblende norite (~50 vol %), and biotite-hornblende-olivine norite (~20 vol %). The boundaries between these rock types are gradational. Two orebodies are recognized in the Y2 intrusion. One is 0361-0128/98/000/000-00 $6.00 
(m) C D 1,000 m long and 100 m thick. It is hosted by biotite-hornblende-olivine norite in the eastern part of the Y2 intrusion and is composed of disseminated ores. The other body occurs in biotite-hornblende norite and biotite-hornblende-olivine norite in the western portion of the intrusion and consists of disseminated and massive ores (Fig. 2c) . The Y3 intrusion is located to the southeast of Y1 and Y2. It has a rod-like shape, and is 1,320 m long and 200 to 420 m wide. From top to bottom, it consists of biotite-rich diorite (~60 vol %), biotite-hornblende-dolerite (~20-30 vol %), and biotite-hornblende norite (~10-20 vol %). The boundaries between these rock types are gradational. A stratiform orebody of disseminated sulfides, ~1,050 m long and 20 m thick (Fig. 2d) , occurs at the bottom of the intrusion. The main characteristics of the four rock types are illustrated in Fig. 3 and summarized in Table 1 , and the three main rock types of the Y1, Y2, and Y3 intrusions are described below.
Biotite-hornblende diorite forms in the upper part of the intrusions, usually less than 90 m beneath the surface. This gray-green to gray rock is fine to medium grained (2-5 mm grain size). It consists mainly of andesine-oligoclase (~60-70 vol %), hornblende (~10-15 vol %) and secondary biotite (~2-10 vol %), and accessory quartz, apatite, magnetite, zircon, and sphene. The rock has a granular texture characterized by interlocking of randomly oriented hornblende and plagioclase (Fig. 4a) . In addition to saussuritization, alteration minerals include carbonate, sericite, and kaolinite.
Biotite-hornblende dolerite forms the base and a marginal phase at the base of the intrusions. This green-black to grayblack rock is fine to medium grained (0.2-1 mm grain size). It usually has a poikilitic texture with cumulus olivine and intercumulus feldspar (Fig. 4b) . Labradorite (~30-50 vol %) and bronzite (~10-30 vol %) are the dominant minerals. Other minerals include augite (~5-10 vol %), olivine (~5-25 vol %), biotite (~3-7 vol %) and hornblende (5-10 vol %). Accessory minerals are apatite, magnetite, and ilmenite. In general, this rock contains minor sulfide minerals (pyrite and pyrrhotite).
Biotite-hornblende norite occupies the middle to upper parts of the intrusions. In vertical section, this unit is funnelshaped, becoming narrower with depth. The rock is dark gray to dark green in color, and fine to coarse grained. It has a poikilitc texture (Fig. 4c ) and consists of labradorite (~30-50 vol %), bronzite (~20-30 vol %), brown hornblende (~3-15 vol %), biotite (~2-10 vol %), quartz (<5 vol %) and augite (<5 vol %). Accessory minerals are apatite, magnetite, and sphene. Alteration phases include talc, chlorite, and actinolite. The biotite-hornblende norite contains sparsely disseminated pyrrhotite, chalcopyrite, pentlandite, and minor pyrite.
Biotite-hornblende-olivine norite is developed in the middle to lower parts of the intrusions. The rock is dark gray to gray black, and medium to fine grained, with a poikilitic or cumulate texture (Fig. 4d) . In this rock labradorite (15-40 vol %), bronzite (10-30 vol %), and olivine (10-40 vol %) are the main minerals, with minor brown hornblende (5-20 vol %), biotite (5-15 vol %), and augite (<3 vol %). The chemical compositions of the main minerals are listed in Table 2 . Accessory minerals include apatite, magnetite, and ilmenite. Pyrrhotite, chalcopyrite, pentlandite, and minor pyrite and cubanite are sparsely to densely disseminated throughout.
A large proportion (~60% in volume) of the Y1 intrusion is mineralized. Economic ores (Cu >0.2 wt % or Ni >0.2 wt %: Wang and Zhao, 1991) are hosted in biotite-hornblende norite and biotite-hornblende-olivine norite at depths of 550 to 1,000 m below the surface (Fig. 2b) . The orebodies are both irregular and lens-shaped in vertical section and pocketlike in shape in horizontal section, steeply dipping to the northeast. The orebodies consist of massive sulfide ores surrounded by disseminated sulfide ores. The boundary between disseminated ores and massive ores is sharp, whereas that between disseminated ores and barren country rocks is unclear and often only defined by grades. In the disseminated ores, the Cu and Ni grades increase downward. In the upper parts of the weakly disseminated ores, some droplets of sulfide minerals are observed enclosed in orthopyroxene.
The mineralization in Y1 has a clear concentric zoning pattern, from high-grade massive ore in the center to zones of progressively more disseminated sulfides further outward (Fig. 2a) . Locally, brecciated ore zones are present in areas of high-grade disseminated ore. Accordingly, the Cu and Ni contents decrease outward from the massive ores. Gold, Ag, Pt, Pd, Sc, and Te are enriched in the high-grade Cu-Ni ores. Except for some massive sulfides and moderately disseminated (Table 3) . For the most part, Pt and Pd concentrations correlate roughly with the amount of sulfide minerals. However, some Cu-Ni-poor ores have relatively high Pt and Pd contents, particularly those with the high Se/S ratios (Table 3) .
Sampling and Analytical Methods
Twenty-eight samples were collected systematically from two recently drilled boreholes in Y1 and Y2 (Fig. 2) . Each sample comprises about 15 to 25 cm of core. Pieces of weathered surfaces and altered zones were removed and washed carefully in distilled water, then ground in an agate mill. Bulk-rock major and trace element compositions were determined for the powders at the Chinese Academy of Geological Sciences (Beijing). Major element determinations were performed by X-ray fluorescence spectroscopy using the methods of Norrish and Chappell (1977) . Major elements were measured on Siemens 303AS and 3080E spectrometers and trace elements on VG PQ-2 Turbo and PQ-2S instruments. Ferric and ferrous iron measurements were determined by wet chemical method (titration). The trace element abundances were determined by inductively coupled plasmamass spectrometry (ICP-MS) following Dulski (1994) . The precision of the analyses was generally ~1 percent for major oxides, ~0.5 percent for SiO 2 , and 3 to 7 percent for trace elements. Accuracy of these methods was monitored by repeated analyses of standard BHVO-1.
The isotope ratios of Nd and Sr were measured at the Chinese Academy of Sciences following Harmer et al. (1986 0.1194. Repeated analyses of NIST and LaJolla Nd yielded averages of 0.710245 ± 0.000018 (2σ, n = 6) and 0.511870 ± 0.000018 (2σ, n = 6), respectively. Total chemical blanks were <200 pg for Sr and <100 pg for Nd. Pb isotope ratios were determined on whole-rock samples on a VG MM30 mass spectrometer using an optical pyrometer to monitor filament temperature in order to ensure constant fractionation effects.
Oxygen measurements were performed on whole rock using the bromine pentafluoride method of Vennemann and Smith (1990) . Laser fluorination of mineral separates and gas purification followed the procedure described by Harris et al. (2000) . The analyses were compared with those of an internal standard, calibrated relative to NBS-28 (δ 18 O SMOW = 9.6‰), and no data correction was needed. Almost all analyses were duplicated with analytical precision of ±0.2‰ or better, and two results for whole-rock samples from Y1 and Y2 were checked by determining the O isotope compositions of clinopyroxene.
Analytical Results
Representative major elements and trace elements analyses, as well as Sr, Nd, and O isotope analyses of the rock types from the Y1 and Y2 intrusions are presented in Tables 4 and  5. SiO 2 abundances range from 41 to 55 wt percent, and Al 2 O 3 concentrations vary from 8 to 17.5 wt percent. The TiO 2 contents are quite low (generally < 1 wt %), which is similar to those observed in the host rocks of other Ni-Cu sulfide deposits in China (e. Some regular variations of major and trace elements with depth can be observed both in the Y1 and Y2 intrusions. In the Y1 intrusion, SiO 2 , CaO, and FeO abundances initially increase with depth and then decrease downward. TiO 2 and Al 2 O 3 remain constant downward (Fig. 5) . In contrast, in the Y2 intrusion, SiO 2 and CaO roughly decrease, and CaO increases, whereas TiO 2 and Al 2 O 3 remain approximately constant with depth (Fig. 6) . As a whole, both the Y1 and Y2 intrusions exhibit increasing Cr, Ni and Co contents with depth.
However, the Y1 intrusion exhibits decreasing (La/Yb)n ratios, whereas the Y2 intrusion display the inverse variation trend.
Both the Y1 and Y2 intrusions display similar chondritenormalized rare earth element (REE) patterns with strong light REE (LREE) enrichment and moderate heavy REE (HREE) enrichment relative to chondrite (Fig. 7) . The LREE enrichment is in the range of 23 to 58 times chondrite for La. LREE are strongly fractionated from the HREE, which are 4 to 8 times the chondritic values in the case of Yb and Lu. The analyzed samples show both weak negative Eu anomalies and slightly positive Eu anomalies (Fig. 7) . Compared with other Ni-Cu sulfide deposits in China (Tang and Ren, 1988; Tang and Barnes, 1998) , the Kalatongke intrusion have relatively enriched in REE and have high LREE/HREE ratios.
Strong incompatible element enrichment, especially in terms of large ion lithophile elements (LILE) is evident in the primitive-mantle normalized plots (Fig. 8) . All rocks from the Y1 and Y2 intrusions display similar patterns, characterized by significantly negative Nb, Ta, and Ti anomalies.
The Y1 and Y2 intrusions have similar Sr and Nd isotope compositions. The age-corrected ( 87 Sr/ 86 Sr) t (t = 285 Ma) ratios range from 0.70375 to 0.70504, and ( 143 Nd/ 144 Nd) t ratios vary from 0.51259 to 0.51268, with ε Nd (t) of +6.3 to +8.2 (Table 5 and Fig. 9a ). All Paleozoic igneous rocks in the Junggar terrane, including both extrusive and intrusive rocks, mafic-ultramafic, and felsic rocks, have low ( 87 Sr/ 86 Sr) t ratios (<0.706) and positive ε Nd (t) values (5-8) Hong et al., 2003; Chen and Arakawa, 2005; Zhang et al., 2008b) . In general, the Sr and Nd isotope ratios of the Y1 and Y2 intrusions are similar to those observed in the Huangshan Ni-Cu sulfide deposit, eastern Tianshan, Xinjiang (Zhou et al., 2004) , but ε Nd (t) values are much higher and ( 87 Sr/ 86 Sr)t ratios lower than many other Ni-Cu sulfide deposits (e.g., the Noril'sk deposit: Fig. 9b , Arndt et al., 2003 ; the Jinchuan deposit: Zhang et al., 2004; Baimazhai deposit: Wang and Zhou, 2006) . The δ 18 O values of the rocks from the two intrusions fall into a wide range, from 5.4 to 11.0 per mil. Except for one sample (Z2-4), all samples have δ 18 O values less than 7 per mil, and. the majority of the data are within 6 and 7. In addition, the δ 18 O appears to correlate positively with ( 87 Sr/ 86 Sr)t values (Fig. 10) .
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0361-0128/98/000/000-00 $6.00 Notes: 1 = massive ore with highest Cu and high Ni grade grades, 2 = massive ore with high Cu and Ni grades, 3 = densely disseminated ore with high Cu and Ni grades, 4 = moderately disseminated ore with high Cu and low Ni grades, 5 = veinlet-like ore with high Cu and Ni grades, 6 = brecciated ore with high Cu and low Ni grades, 7 = weakly disseminated ore with low Cu and Ni grades, 8 = very weakly disseminated ore with low Cu and Ni grades; numbers in parentheses represent the calculated numbers of each ore type; data were calculated from Wang and Zhao (1991) 0361-0128/98/000/000-00 $6.00 
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Discussion
Alteration effects
The Kalatongke intrusions were altered during postmagmatic greenschist facies metamorphism as exhibited by their high loss on ignition, although Al, Ca, Mg, K, Rb, Ba, Sr, and other trace elements have not been highly modified (Fig. 8) . The similar δ 18 O values of clinopyroxene and whole rock (Table 5) suggest that the O isotope compositions also have not changed due to alteration effects. In addition, high field strength elements (HFSE) such as Th, Zr, Hf, Nb, Ta, Ti, Y and REE, especially their interelement ratios, and Sm-Nd isotopes have remained unchanged. We suggest that the ε Nd (t) values and the reported values of HFSE as well as the O isotope data in this study reflect those of the original magmatic rocks.
The nature of the primary magma
In the Kalatongke intrusions, fine-grained dolerites are considered to be the chilled margins of the intrusions. However, they display significantly variable compositions (Table  4) , and locally contain some digested xenoliths of the country rocks, and therefore, the dolerites probably cannot represent primary magma.
Although it is difficult to determine the exact nature of the primary magma because of crustal contamination (cf. Lehmann et al., 2007) , we attempted to use the method of Chai and Naldrett (1992) to estimate the nature of the primary Figure 11 . Line OA represents the FeO/MgO ratio of a liquid in equilibrium with olivine (Fo = 80), the most Mg-rich olivines in the Kalatongke intrusion. The Mg-Fe distribution coefficient (K D = (FeO/ MgO) olivine /(FeO/MgO) liquid ) of 0.3 from Roeder and Emslie (1970) was used in the calculations. We assume the ratio of FeO/FeO total to be 0.9, which is reasonable for an oxidation state close to the QFM buffer. The average FeO value of the samples was corrected for Fe 2 O 3 in the trapped liquid portion using the assumed FeO/FeO total ratio. The majority of the Kalatongke data plot below the equilibrium line, and only one sample (dolerite, 157-09) falls near the line. This sample, which is a chilled margin of the Y1 intrusion, is interpreted to be close to parental melt composition, whereas the majority of other samples represent mixtures of cumulus olivine and intercumulus liquids. Analysis of sample 157-09 suggests the primary magma may have contained 11.5 wt percent MgO (corresponding to high Mg basalt), slightly lower than that of the Jinchuan intrusion (Chai and Naldrett, 1992 ) and therefore it is not picritic magma. Chai (2006) also concluded that the primary magmas are high Mg basaltic magmas rather than picritic magmas, based on PGE ratios. However, additional sampling is required to confirm that the primary magmas are not ultramafic. -8  Z2-10  Z2-12  Z2-14  Z2-15  Z2-17  Z2-20  Z2-21  Z2-25  Z2-28  Z2-31  Z2-32  Z2-34  Intrusion  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  Y2  PD  NG  GN  GN  GN  N  N  N  N  G  N  N  N (Sun and McDonough, 1989) for the Y1 and Y2 intrusions in the Kalatongke mine. All rocks display significantly negative Nb, Ta, and Ti anomalies and are enriched in more highly incompatible elements relative to moderately incompatible ones. 
Crustal contamination
The Kalatongke intrusions contain abundant orthopyroxene, suggesting the magma from which the orthopyroxene crystallized was also Si rich. Such Si-and Mg-rich magmas likely formed from mantle-derived magmas by crustal contamination of a high Mg magma as invoked for siliceous high Mg basalts (Arndt and Jenner, 1986; Barley, 1986; Cattell, 1987; Skulski et al., 1988; Barnes, 1989; Skulski and Percival, 1996) . The xenoliths of the country rocks are supportive of such crustal contamination together with the negative Nb, Ta, and Ti anomalies (Fig. 8) . Other isotopic data, especially that of Nd isotope, are less conclusive because all igneous rocks in the Junggar terrane, including extrusive and intrusive rocks and mafic-ultramafic and felsic rocks, have positive εNd(t) values (5 to 8: Wu et al., 2000; Hong et al., 2003; Chen and Arakawa, 2005; Zhang et al., 2008b ). In contrast, oxygen isotope data is a useful tool to identify crustal contamination (e.g., Kyser et al., 1986; Harmon et al., 1986 Harmon et al., -1987 Mattey et al., 1994) . Our δ 18 O values range from 5.4 to 11.0 per mil, much higher than typical MORB (Ito et al., 1987) and oceanic island basalts (Kyser et al., 1982) . More than half the analyzed samples lie outside the δ 18 O range of mantle, suggesting crustal contamination.
The extent of crustal contamination of the magmas that formed the Kalatongke intrusions can be estimated in two ways by incompatible element ratios and Sr-O isotope data. For incompatible ratios, we choose (Th/Yb)N and (Ta/Th)N (subscript N represents primitive mantle normalization: Fig. (Zhou et al., 2004) , Baimazhai , Limahe (Tao et al., 2008; Li et al., 2008) , Jinchuan , Noril'sk (Arndt et al., 2003 O(‰) 12). The former is a sensitive indicator of crustal contamination, whereas the latter is a good indicator of the extent of Ta anomaly. Compared with N-MORB and E-MORB, the Kalatongke rocks have lower (Ta/Th)p and higher (Th/Yb)p ratios. From Figure 12 , the modeling indicates that the extent of crustal contamination of the Kalatongke rocks ranges from 2 to 20 percent, with the rocks from the Y2 intrusions more contaminated than those from the Y1 intrusions (i.e., 9-20% versus 2-9%). For Sr and O isotope compositions, we consider MORB-like mantle and average Sr and O isotope compositions of the continental upper crust as two end members. From Figure 10 , we also conclude that the Kalatongke rocks can be explained by mantle-derived parental magma contaminated by 10 to 24 percent crustal material.
GEOCHEMISTRY OF THE PERMIAN KALATONGKE MAFIC INTRUSIONS, CHINA
Except for two samples from the two intrusions with notably high δ 18 O and ( 87 Sr/ 86 Sr) t ratios, the isotopic and REE and trace element patterns indicate that the assimilation took place before the magma was emplaced at its present level in the crust. The two samples with high δ 18 O and ( 87 Sr/ 86 Sr) t ratios might have been contaminated in situ because they sit at the high part of the intrusions.
As stated above, all rocks from the Kalatongke intrusions contain variable amounts of hornblende and biotite, reflecting the high volatile contents in the parental magmas. The association between magmatic Ni-Cu ores and volatile-rich mafic magmas is relatively rare, but similar cases have been recognized in the Cu-Ni ore-bearing intrusions in the eastern Tianshan, e.g., Huangshan and Baishiquan intrusions (Chai, 2006) . Interestingly, these intrusions also have relatively high δ 18 O values (>6‰, Chai, 2006) . Therefore, we propose that the feature of volatile-rich mafic magmas in the Kalatongke intrusions could be a consequence of crustal contamination, although we cannot preclude the possibility that this is a primary characteristic of magmas sourced from metasomatized lithosphere.
Sources
Many authors have proposed that the primary magmas that fed Ni-Cu-(PGE)-bearing intrusions formed through high-degree partial melting of an unusually hot mantle source (i.e., a plume: Campbell and Griffiths, 1990; Pirajno, 2000; Lehmann et al., 2007; Zhou et al., 2007) , whereas other researchers have argued that they were derived from subcontinental lithosphere (e.g., . Two lines of evidence suggest that the Kalatongke intrusions cannot be considered the expression of a mantle plume.
1. Magmatism related to mantle plumes is characterized by great volumes of mantle-derived magmas and high eruption rates, but the Kalatongke intrusions and other nearly contemporaneous mafic intrusions in the Junggar terrane are small (most are <2 km 2 ). Many large Permian granitic plutons (>100 km 2 ) exposed in the Junggar terrane reflect significant erosion. Therefore, the small exposure of the mafic intrusions is likely indicative of a small volume of mafic magmas.
2. Although we cannot preclude the possibility that the magmas that formed the Kalatongke intrusions could be the fractionated end members of more magnesian magmas that are poorly exposed, as pointed out above, the PGE characteristics (Pd/Ir and Ni/Cu) suggest that the parental magma was not ultramafic but a magnesian basalt (Chai, 2006) . Low ( 87 Sr/ 86 Sr) t ratios and high ε Nd (t) values of the two intrusions in the Kalatongke deposit suggest a source in the convecting mantle or in lithospheric mantle (cf. Wu et al., 2000; Hong et al., 2003) . However, mantle metasomatism could lead to elevated ( 87 Sr/ 86 Sr) t and low ε Nd (t) values. The high ε Nd (t) values (6.2-8.2) of the Kalatongke rocks suggest that the lithospheric mantle is an unlikely source of magmas, but an isotopically depleted asthenospheric source is possible. The Sr-Nd isotope diagram shows that this source material would have been crustally contaminated as discussed above. In addition, the Zr/Nb ratios (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , and Zr/Y ratios (4.6-10.3) similar to MORBs (Pearce and Norry, 1979) further support a MORB-like source (Sato et al., 2007) .
The presence of negative Nb-Ta and Ti anomalies in the primitive mantle normalized trace element patterns could indicate the involvement of sediments or fluids (aqueous fluids or partial or bulk melts of subducted sediments or even the subducted crust itself: e.g., Hergt et al., 1989; Hawkesworth et al., 1997; Elliott et al., 1997; Elburg et al., 2002) . Previous studies have shown that fluids generated by dehydration of hydrothermally altered subducted oceanic crust have low 87 Sr/ 86 Sr (~0.7035), whereas subducted sediments have high 87 Sr/ 86 Sr ratios (>0.708: Turner et al., 1997; Woodhead et al., 1998) . The rocks from the Y1 and Y2 intrusions have low ( 87 Sr/ 86 Sr) t ratios (0.70375-0.70504), suggesting that sediments were not involved in the mantle source. Although the Kalatongke intrusions formed in a within-plate extensional setting rather than a subduction setting, a subduction event occurred during the Devonian in the Junngar terrane which could have metasomatized the mantle (Zhang et al., 2008b) . We propose that the parental magmas that fed the Kalatongke intrusions were derived from a metasomatized asthenospheric mantle source modified by aqueous fluids during previous subduction processes. March 5, 2008; January 21, 2009 
